This study reports 3D numerical simulations of the ignition and the propagation of grassland fires. The mathematical model consists in solving the conservation equations governing the behavior of the coupled system formed by the vegetation and the ambient atmosphere. Based on a finite volume discretization, the computation code is parallelized using OpenMP directives and had been the subject of numerous validations. The model was previously tested on small scale in case of homogeneous litter fires; in this study it is proposed to test it on larger scale in case of grassland fires. The results are in fairly good agreement with experimental data, with predictions of operational empirical-models developed in Australia (MK5) and in the USA (BEHAVE), as well as with and predictions of physical models (FIRETEC, WFDS, FireStar2D). The comparison with the literature is based on the estimation of the rate of fire spread (ROS) and the analysis of the fire-front shape.
Introduction
Most operational tools predicting wildfires propagation are based on statistical or semi-empirical approaches [1] . However, in situations that deviate from the conditions on which these models were calibrated, extrapolation may become completely random and therefore unreliable. Indeed, given the complexity of the involved phenomena, the empirical approaches have been privileged for a long time to address fire problems. For instance, the experiments carried out in Australia by McArthur (1977) and in the United States by Rothermel (1972) resulted in operational tools that are used nowadays by forest services and control services. These tools can be used to predict certain fire characteristics, such as the rate of fire spread or ROS (speed of the fire front), fire intensity, and the flame height. However, the validity of empirical models is limited to the range of parameters used to develop the statistical laws. As for semi-empirical models, such as BEHAVE, predictions are of poor quality since most of the predictions are made by extrapolation of small-scale fires data obtained in wind tunnels in the case of homogeneous litter, which may lead to aberrant results such as a ROS greater than the wind speed. Therefore, other approaches have been developed, and among these approaches, full and partial physical models received particular attention. A fully physical model addresses the problem of fire spread by analyzing its behavior through its physicochemical aspects [1] . The 3D model described in this work is based on a multiphase formulation and solves the conservation equations of the coupled system formed by the vegetation and the surrounding gaseous medium [2] . The model takes into account the vegetation degradation phenomena (drying, pyrolysis, and combustion), the interaction between an atmospheric boundary layer and vegetation (aerodynamic drag, heat transfer by convection and radiation, and mass transfer), and the transport in the fluid phase (convection, turbulence, and combustion in the gaseous phase). The model is implemented in a modular and parallelized 3D computation code referred to as "FireStar3D". The code is based on a finite volume discretization of the governing transport equations (3   rd   order in time and 2 nd order in space) and has undergone numerous validations. The predictive potential of FireStar3D model was tested at a small scale in the case of litter fires (fire propagation through a homogeneous fuelbed in a wind tunnel) [3] . The objective of this study is to extend the tests on a larger scale in the case of grassland fires. For different wind speeds, fire behavior and spread through homogeneous grassland is analyzed in terms of rate of fire spread and shape of the fire front. The results are compared with data collected during experimental campaigns and predictions from semi-empirical and physical models.
Modeling and Numerical Method
The multiphase formulation used in this study is based on the description of the behavior of the coupled system formed by the vegetation and the surrounding fluid. The presentation, even simplified, of the model equations is beyond the scope of this paper which focuses on the results of the validation campaign of the 3D model in an open environment. Reader interested by a detailed description of the model has several reference articles [4] [5] [6] [7] , in particular those of Morvan et al. 2004 and 2009 [6, 8] .
The model consists of two parts that are solved on two distinct grids. On one hand, the equations of a reacting turbulent flow in the fluid phase that consists of the ambient air as well as the gaseous products resulting from the degradation of the solid phase. On the other hand, the equations governing the state and the composition of the solid phase subjected to an intense heat flux coming from the flame zone.
Solving the fluid phase model consists in the resolution of conservation equations of mass, momentum, energy (in the enthalpy formulation), and chemical species (O 2 , N 2 , CO, CO 2 , and H 2 O) filtered using Favre weighted-average formulation [9] . The closure of the averaged conservation equations is based on the concept of eddy viscosity [10] obtained from an evaluation of the turbulent kinetic energy k and its dissipation rate ε. A high Reynolds number version of a two-equation statistical turbulence model (k-ε), is used with the RNG formalism [11, 12] . The temperature dependence of the gas-mixture enthalpy is based on CHEMKIN thermodynamic tables [13] . A combustion model based on Eddy Dissipation Concept (EDC) [10, 14] is used to evaluate combustion rates occurring in the gaseous phase. Finally, the soot volume-fraction in the gas mixture is obtained by solving a transport equation [15, 16] including a thermo-phoretic contribution in the convective term [4] and taking into consideration soot oxidation [17] .
Concerning the solid phase model, during the thermal degradation of the solid-fuel particles, they may contain dry material, charcoal, moisture, and residual ashes. For each solid particle, the model consists in solving the equations governing the time evolutions of the mass fractions of water, of dry material, of charcoal, as well as of the total mass of the solid particle and its temperature. The degradation of the vegetation is governed by three temperature-dependent mechanisms: drying, pyrolysis, and charcoal combustion. The pyrolysis process starts once the drying process is completed and charcoal combustion starts once the pyrolysis process is achieved. The constants of the model associated with the charcoal combustion (activation energy and pre-exponential factor) are evaluated empirically from a thermal gravimetric analysis conducted on various samples of solid fuels [7] .
The interaction between the fluid phase and the solid one is taken into account through coupling terms that appear in both parts of the model. The aerodynamic coupling is obtained by adding terms of aerodynamic drag in the momentum equations, these terms are based on empirical correlations for the drag coefficient. Heat transfer between the gas mixture and the solid fuel is based on empirical correlations for convective transfer coefficient [18] , and on the resolution of the radiative transfer equation [19] that accounts for the presence of soot in the flaming zone [4] . Finally, mass transfer from the solid phase to the fluid one is obtained by adding source terms in the mass conservation equations of both phases.
The fluid flow conservation equations are solved numerically by a fully implicit finite volume method in a segregated formulation [20] . "FireStar3D" model predicts turbulent reacting flows in rectangular domains using a structured but non-uniform staggered mesh. Time discretization relies on a third order Euler scheme with variable time stepping strategy. To ensure numerical stability, space discretization is based on second order schemes with flux limiters (QUICK scheme [21, 22] ) for convection terms while diffusion terms are approached by central difference approximation with deferred corrections [23] to maintain the second order accuracy. The Radiative Transport Equation (RTE) is solved using a Discrete Ordinate Method (DOM), consisting in solving the radiation-intensity equation in a finite number of directions. This set of discrete contributions is then integrated using a numerical Gaussian quadrature rule (a S8 method is used) for the calculation of the total irradiance [24] . The set of ordinary differential equations describing the time evolution of solid-fuel state (mass, temperature, and composition) are solved separately using a fourth order Runge-Kutta method. From implementation point of view, the computation code is parallelized [25] and optimized [26] using OpenMP directives (operational on shared memory platforms and on Intel Xeon Phi coprocessors). Finally, the hydrodynamic module of the code has been extensively validated on several benchmarks of laminar and turbulent natural convection, forced convection, and neutrally stratified flow within and above a sparse forest canopy [27] [28] [29] [30] [31] [32] .
Configuration
As mentioned in introduction, the aim of this work is to show that the model is able to predict numerically the spread of a fire through grassland. A perspective view of the domain is shown in Fig. 1 Table 1 . The parametric study focused on the influence of wind speed (measured at 10 m above ground) on the fire behavior in terms of rate of spread and shape of the fire front, for two fire ignition modes (uniform and non-uniform). The ignition line, 2 m wide, extends over a length w = 50 m, as shown in Fig. 1 . In the uniform ignition mode, the burner is activated at the same time throughout the ignition zone. In the case of non-uniform ignition, the burner is activated from the middle of the ignition line (at y = 70 m) toward its ends (at y = 70±25 m) at the speed of 1 m/s. Regardless of ignition mode, the burner activation occurs at time t = 10 s, time for which the flow has reached a dynamical steady state, for the entire range of wind speeds considered in this study (U ranging from 1 m/s to 12 m/s). During this (purely dynamic) flow settlement phase, homogeneous Neumann boundary conditions were imposed at the open boundaries of the computational domain for all primary variables of the problem excepted for y and z-velocity components where Dirichlet conditions (value set to zero) were imposed. In addition, a negative pressure gradient is applied in the wind direction (Ox); this pressure gradient is automatically adjusted during the flow settlement phase to obtain the desired level of wind speed at 10 m above ground. This procedure allows collecting the turbulent fields at the open boundaries, and these fields are then used during the burning phase, in particular for the management of the entering turbulent fluxes. At time t = 10 s, the burner is activated by injecting CO gas at 1600 K in the burning zone from the bottom boundary of the domain. At time t = 10 s, the average velocity V inj of CO is maximum (about 1 m/s), and then decreases linearly with the consumed mass of solid-fuel according to equation (1) . This procedure avoids destabilizing the flame front by abruptly ceasing the CO injection and avoids any excessive external energy input.
where m b0 represents the mass of dry material initially available above the burner area (i.e. the mass of dry material contained in the volume V b0 = 2×50×δ m 3 ). Equation (1) Table 1 : Geometric and physical properties of the grassland vegetation.
The numerical simulations of fire spread through homogeneous grassland (see Table 1 This value is not to be exceeded in order to avoid fire extinction especially in the radiative regime of fire spread when the wind speed is low to moderate. Furthermore, in the context of using a high Reynolds number turbulence model, the choice of the mesh size at the vicinity of solid bottom wall is strongly related to the quality of the obtained solution. Thus, the center of any cell adjacent to the bottom wall must have a dimensionless distance to the wall z + (given by equation 2) that satisfies the constraint 11.5 < z + < 500 [22] (i.e. the cell center lies within the fully turbulent zone), and this during the entire simulation time. where C µ = 0.0845, k is the turbulent kinetic energy, and ρ and µ respectively the density and the dynamic viscosity of gas mixture. The results presented in this study were obtained using a variable time step strategy based on the truncation-error control, with time step values varying between 0.001 s and 0.01 s. At each time step, the solution is assumed to be obtained when the residuals of all conservation equations reach 10 -4 in normalized form.
Results
This numerical study focuses on fire spread through a grassland whose vegetation structure is shown by Fig. 2 . The simulations were carried out under conditions similar to those of Australian experimental campaign of 1986 [33, 34] . In order to assess the predictive potential of the model, the results are compared to the predictions of the empirical model MK5 [35, 36] , of the semi-empirical model BEHAVE [37] , of three-dimensional physical models (FIRETEC from LANL and WFDS from NIST), and of a twodimensional physical model (FireStar2D [8] ) that solved the problem of fire spread in a vertical plane perpendicular to an infinite ignition line. The chosen configuration is very similar to experiment C064 of controlled fire conducted by Cheney et al. (1986) on a parcel of carefully cut grass [38] and shown in Fig.  3 . However, the simulations were carried out for tall grass (δ = 0.7 m) unlike experiment C064 (δ = 0.21 m); this choice is mainly motivated by the existence of prior numerical studies [8, [39] [40] [41] . For a wind speed of 5 m/s, figure 4 shows the propagation of a grassland fire uniformly ignited at time t = 10 s (in a 2 m-long and 50 m-wide strip). Time t = 35 s corresponds to end of ignition, unless the velocity of CO injection given by equation (1) reaches zero before that time. The pyrolysis front used to evaluate the ROS can be clearly seen on the mass fraction of the dry material. The results show: (i) the lateral fire spread, in addition to the propagation in the wind direction, (ii) the ripple effect on the sides of the vegetation layer (visible at t = 60 s) when the pyrolysis front reaches these boundaries, and this effect becomes more pronounced later on during the simulation, (iii) the remote heating effect due to radiation, which is responsible for the drying of the fuel prior to arrival of the fire front, and (iv) the presence of some charcoal downstream the ignition line that continues burning behind the fire front, this is due to the screening effect of CO injection that prevents the combustion of a part of charcoal downstream the ignition line. With time or by increasing the speed of the wind, we notice that the fire front loses gradually its parabolic shape and its forward-propagation speed becomes more important at the lateral sides than at the central part of the fire front. However, the leading point of the fire front remains nevertheless at the central part during the entire simulation. This effect is not only inherent to the ignition method but also to the ratio between the length of the ignition line and the lateral extent of the vegetation cover. Decreasing significantly this ratio should reduce this effect or might suppress it completely. Figure  5 is the counterpart of Fig. 4 using the non-uniform ignition mode. The idea behind this ignition mode is reproducing the ignition method of experience C064, and more generally that of the Australian experimental campaign, where fire is set by two persons using a torch starting at the middle of the ignition line and walking in opposite direction at the speed of 1 m/s. Testing this ignition mode was motivated by the investigation of the parabolic shape of the fire front observed experimentally, as shown by Fig. 3 and as confirmed by other experiments, despite the observed loss of symmetry due to a change in the wind direction. Figure 5 shows in this case that the pyrolysis front is qualitatively more consistent with the experimental observations. It seems however that the ROS value is not significantly affected by the ignition method. 
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The evolution of the ROS with the wind speed (measured at 10 m above ground) is shown by Fig. 6 . The ROS estimation is based on the position of the pyrolysis front at the surface of the vegetation cover in the vertical median plane (i.e. along the line y = 70 m, z = δ). The experimental data shown in Fig. 6 were obtained from Cheney et al. [33, 35] for different lengths w of the ignition line. These experimental studies show that the ROS increases with w, as found by FIRETEC model predictions (16 m and 100 m) [40] , before reaching an asymptotic value for w > 200 m. For example, when w is increased from 50 m to 250 m, the ROS increases by about 30% for U = 3 m/s and 6 m/s (measured at 10 m above ground), and increases more for larger wind speeds. Therefore, we notice a large dispersion of the experimental measurements. On the other hand, the reported experimental data for U ≥ 8 m/s [35] were estimated from measurements recorded during real wildfires with significantly large fire front (the ROS reaches its maximum value) but for which wind speed and vegetation characteristics are not under control as in experimental fires. For low to moderate U values (up to 6 m/s), FireStar3D results compare well with experimental data and with other predictions, and we can observe a quasi-linear evolution of the ROS. For these values of wind speed, a steady regime of fire propagation was clearly reached in the simulations. For U = 8 m/s, the results are consistent with the predictions of other models and with the experiments, despite the relative dispersion of the experimental measurements which prevents a significant comparison. For U ≥ 10 m/s, FireStar3D clearly underestimates the ROS (just as FIRETEC and WFDS do) mainly because of the short ignition-line length of 50 m that has been considered. In addition, the steady regime of fire propagation was not clearly observed for U ≥ 10 m/s; larger extends of the vegetation cover would be required for high wind speeds in order to observe steady fire propagations. On the other hand, FireStar2D that assumes a straight and infinite pyrolysis front better predicts the ROS at high wind speeds (10 m/s and 12 m/s). In return, 2D models fail to account for the aerodynamic drag on the lateral border of the fire front that is primarily responsible for its curvature, which results in the overestimation of the ROS at low to moderate wind speeds. As for the empirical model (MK5) and semiempirical one (BEHAVE), the experimental fires that helped elaborating them could not be carried out properly for wind speeds exceeding the threshold value of 7-8 m/s [8] , leading to an underestimation of the ROS by these models at high wind speeds. For a wind speed of 5 m/s, figure 7 shows an iso-surface of the Q criterion for both modes of fire ignition (uniform and non-uniform). This invariant of velocity gradient tensor represents the balance between the rotation and strain rates [42] , and is given by:
In addition of showing the three-dimensional nature of the flow, this figure highlights the flow structures present during a grassland fire. Being able to capture these flow details using an unsteady RANS approach is due to a relatively fine mesh resolution matching the radiative absorption space-scale (4/ασ). This leads us to possibly consider a fully LES approach (large eddy simulation), in which a transport equation of the turbulent kinetic energy k only needs to be solved (instead of the two-equation k-ε model). Therefore, a simplified LES model was implemented in the FireStar3D code and its dynamic part (without heat transfer or combustion) had been validated in the case of the flow through homogenous and inhomogeneous canopies [30] [31] [32] . ) colored by the vertical component of the velocity field. Top: uniform fireignition mode, bottom: Non-uniform fire-ignition mode.
Finally, in conclusion and accordingly to these results, two tracks of investigation stand out. The first one is to reproduce numerically experiment C064 with a non-uniform fire-ignition method and using the physical and geometrical parameter shown in Fig. 3 . Indeed, the simulations of fire propagation in a confined environment [3] were very satisfactory, and in these simulations the fuelbed height (δ = 0.203 m) is very close to that of experiment C064 (δ = 0.21 m), which is very encouraging since it proves that the experiment can be simulated using a high-Reynolds-numbers turbulence model. The idea of simulating the C064 configuration is justified by the existence of prior experimental and numerical prediction data obtained with other physical models such as FIRETEC and WFDS [39] , describing in detail the fire perimeter, at some duly chosen instants. This work would be a part of the model validation process, since the information of the ROS, which is an overall average result of the simulation, seems obviously insufficient. The second investigation track would be extending the implemented LES model [30] [31] [32] to account for the physical phenomena taking place in a fire, especially the fine modeling of the combustion in the gaseous phase.
Conclusions
In this study, numerical simulations of fire spread through a homogeneous grassland were carried out. The results were obtained using a 3D computer code based on a fully-physical multiphase model. At low to moderate wind speeds (up to 8 m/s), the obtained rate of spread of fire (ROS) is in good agreement with the data of the experimental campaign conducted in Australia, with the predictions of operational empirical models (MK5 and BEHAVE), and with the numerical results of physical models (FIRETEC, WFDS, and FireStar2D). At high wind speeds (10 m/s and 12 m/s), a larger extends of the vegetation cover and a larger length of the ignition-line would be required in order to reach the asymptotic values of the ROS. Nevertheless, the results of FireStar3D are in good agreement with the predictions of other 3D physical models (FIRETEC and WFDS). The study also shows that the method of fire ignition can influence the shape of the fire front without changing significantly the speed of fire spreading. Consequently, it seems that the non-uniform fire-ignition of the grassland (consistent with the experimental procedure) allows recovering the parabolic shape of the fire front observed experimentally. These results encourage us to consider, in the short term, the simulation of experiment C064 of the Australian campaign (non-uniform fire ignition) whose geometrical and physical parameters are very similar to those of this study, and for which local data (perimeter of the fire) are available at different instants. After the validation phase and in the longer term, several numerical studies are planned, in particular, the analysis of the influence of the vegetation nature (moisture content, fuel load, ...) and its inhomogeneity, the study of the influence of the land slope, and the incidence angle of the wind. Finally, the analysis of the interaction between several fire fronts (back fires) is also planned.
